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a b s t r a c t
A novel b0 phase crystal with lamellar structure of monodisperse poly(9,9-dioctylﬂuorene) (PFO) has
been prepared by means of melt crystallization, demonstrating similar optical properties with b phase
crystals. A preliminary determination of unit cell dimensions and molecular packing (orthorhombic,
a ¼ 1.30 nm, b ¼ 2.22 nm, c ¼ 3.36 nm, 4 chains, with space group Pmc21 and density 1.06 g/cm3) was
made by combined analysis of the selected-area electron diffraction (SAED) and X-ray diffraction (XRD)
patterns. In the lamellar crystals, the molecular backbone chains are parallel to the lamellar plane with
the alkyl side chains interdigitation in the thickness of lamella.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
As a particularly important semiconducting polymer, poly(9,9-
dioctylﬂuorene) (PFO) has received extensive attention, owing to
their wide applications in low-cost organic semiconductor devices
[1,2], such as ﬁeld effect transistors (FETs) [3,4], light-emitting di-
odes (LEDs) [5e8], optically pumped organic lasers [9,10] and op-
tical ampliﬁers [11]. These wide applications are attributed to the
various optoelectronic properties coming from diverse chain con-
formations and arrangements in multiple phase structures [12],
such as the nematic (N) phase, a phase, a0 phase and b phase, which
can be selectively maintained by proper selection of processing
parameters [13]. Among these phases, because of the enhanced
molecular planarity and excellent persistence length [14], the b
phase exhibits speciﬁc optoelectronic properties, which was
applied in OLEDs [8] and organic lasers [9,10]. Compared to other
phases, it manifests a red shift of absorption and emission [15],
lower triplet exciton yield [16], higher photoluminescence efﬁ-
ciency [17] and discernible peaks in the X-ray diffraction (XRD)
patterns [18]. Besides, efﬁcient energy transfer from the amorphous
phase to the b phase has also been reported [19]. b phase ﬁlms can
be produced by various methods, such as casting from the PFO
solution using poor solvents [20], exposing PFO ﬁlms to solvent
vapors [21,22], applying speciﬁc thermal treatments to PFO ﬁlms
[21], incorporation of 1,8-diiodooctane (DIO) [23] or non-volatile
polyphenyl ether [24] as additive, or immersing PFO thin ﬁlms in
a mixing solvent/non-solvent [15].
Despite all these studies mentioned above, most of the current
work about b phase mainly focused on the photophysical property
[25] and device application [2]. Only few reports were about the
structure of b phase [21,26]. Especially, the study about pure b
phase crystal and the molecular packing behavior in b phase was
still blank. Until recently, our group [27] reported the b phase single
crystals of monodisperse PFO prepared by solvent slow evaporation
and gave the lattice parameters (a ¼ 1.32 nm, b ¼ 2.10 nm,
c¼ 3.36 nm), which is crucial to establish the relationship between
structure and property of b phase.
In this work, another b phase crystals with lamellar structure of
PFO (named as b0 phase) was reported. In contrast to the formation
of b phase requiring solvent assistance [20e22], the novel b0 phase
of monodisperse PFO (the degree of polymerization is 16) was
prepared by a two-step thermal annealing process. The
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characteristic peak of 434 nm in UVevis absorption spectra and
three ﬁngerprint peaks in photoluminescence (PL) spectra of b0
phase are similar to those of b phase. Based on the X-ray diffraction
(XRD) and the selected-area electron diffraction (SAED) pattern, the
orthorhombic lattice parameters of a ¼ 1.30 nm, b ¼ 2.22 nm,
c¼ 3.36 nmwith space group Pmc21 were acquired. In this case, the
molecular backbone chains lie in the lamellar plane with the alkyl
side chains normal to lamella. These results not only enhance the
understanding on the morphology of PFO but also offer an oppor-
tunity to prepare b0 phase ﬁlms without solvent assistance.
2. Experimental section
2.1. Materials
Monodisperse PFO used here was synthesized according to the
previous report [28]. The molecular weight obtained from MALDI-
TOF mass spectrometry is 6220 g/mol, and the degree of poly-
merization is 16. The molecular structure is shown in Fig. 2a. DSC
measurement demonstrates the phase transition temperatures
(Fig. S1), and the nematic phase exists from 135 C to 150 C, above
which the isotropic phase is present. Toluene was purchased from
Beijing Chemical Works and used without further puriﬁcation.
2.2. Sample preparation
Specimens were drop-cast from dilute solutions (1 mg/ml) of
F16 in toluene on clean glass substrates. After the toluene complete
evaporated, the as-cast ﬁlms were moved on hot stage at 160 C for
1 h, followed by rapid cooling to room temperature, then the ﬁrst-
annealed specimens were annealed again at 140 C for 4 h and
naturally cooled to room temperature. All the thermal treatments
were under N2 atmosphere to avoid the specimen oxidation.
Thermal annealing was performed by using a RCT basic hot stage
(IKA).
2.3. Characterizations
The optical images were obtained using Zeiss Axio Imager A2m
equipped with the polarizer. The scanning electron microscopy
(SEM) images were obtained by using FEI XL 30. The UVevis spectra
of samples were measured using a Shimadzu UV 2450 UVevis
spectrophotometer and the Photoluminescence (PL) emission
spectra were recorded with a Hitachi F-4500 spectrophotometer
equipped with a 150 W xenon lamp as the excitation source.
Transmission electron microscopy (TEM) experiments were per-
formed using a JEOL JEM-1011 with an accelerating voltage of
100 kV for bright ﬁeld TEM and selected area electron diffraction
(SAED) modes. The camera length was calibrated with Au (111)
lattice face to calculate the d-spacing of the observed electron
diffractions. For the X-ray diffraction (XRD) study, a diffractometer
D8 Discover (Bruker, Germany) equipped with a copper target (ka1
line, l ¼ 1.54 Å), a motorized reﬂectometry sample stage, and a
multi-slit scintillation detector was used. The XRDwasmeasured at
a step-scan rate of 0.04 per 12s and the scattering angle ranging
from 3 to 30. Atomic force microscopy (AFM) images were ob-
tained using an SPA-300HV instrument with an SPI3800N
controller (Seiko Instruments Inc., Japan) in tapping mode. A silicon
microcantilever (spring constant ¼ 3 N/m, resonant
frequency z 80 kHz, Olympus, Japan) was used for the scanning.
Differential scanning calorimetry (DSC) measurement was per-
formed on TA Q100 thermal analyzer at a heating/cooling rate of
10 C/min.
3. Results and discussion
3.1. Morphology of the melt-crystallized crystals
Fig. 1a is a representative PLM image of the b0 phase crystals,
and it displays different size crystals and apparent optical anisot-
ropy. The preparation of the b0 phase crystals is a two-step thermal
annealing process. Fig. 1b shows the SEM image after the ﬁrst
annealing. Because of the relatively low degree of polymerization
and long alkyl side chains, F16 displays good ﬂuidity at the isotropic
phase. Thus, the F16 molecules dewet from the substrates and
become the droplet-like domains with different sizes and smooth
surfaces. On the basis of ﬁrst annealing, the domain formation was
annealed at 140 C for 4 h, and the morphology of domains
changed (Fig. 1c). The edge and the inner of domains are showed in
Fig. 1d and e, respectively. Interestingly, the edge and the inner
reveal distinguishable shapes in the surface view. The edge has
clear lamellar structure while the inner seemingly shows irregular
morphology. However, as depicted in Fig. 1e, the inner is also
composed of lamellar structure, which has various orientations to
result in the irregular morphology. During the formation of
lamellar structure, space restriction is the main reason for different
surface shapes of the edge and the inner. For the edge molecules,
there is enough space to develop layer-by-layer lamellar structure,
while for the inner ones, as shown in Fig. 1e, the molecules have
limited space to adjust themselves to form perfect layers. Hence,
the layers have to crash and extrude with each other or twist
themselves, which produce lamellae of different orientation,
further giving rise to a rough surface. Meanwhile, it is indicated
that the small domains (Fig. 1f) present the obvious lamellar
structure as well as the edge of the big domains. The melt-
crystallized lamellar crystals are similar to the thermal growth of
organic micromolecule crystals [29e31]. Therefore, we thought
that the low molecular weights make F16 preserve some of
micromolecular characteristics and tend to display the lamellar
crystalline feature of micromolecule.
3.2. UVevis absorption and PL spectra
To investigate the optical properties of the lamellar crystals, we
characterized their UVevis absorption and PL spectra. In the ab-
sorption spectrum (Fig. 2a), there is a major absorption maximum
at 406 nm, which represents pep* transition. Moreover, it shows a
clearly developed peak around 434 nm, which is very close to the
characteristic peak (430 nm) of solution-crystallized b phase [27].
This means that the molecules in the lamellar structure have a
higher coplanarity than that of a phase which is also prepared by
melt-crystallization of polydisperse PFO [13].
As another characterization of the phase identiﬁcation, Fig. 2b is
the PL spectrum of the same sample. The excitation wavelength is
380 nm and the PL spectrum shows clear vibronic features with the
0-0 transition located at 442 nm and phonon sidebands at 467 and
499 nm. The apparently nonmonotonic variation of peak intensities
should be attributed to the Huang-Rhys factor and reabsorption
effects [18]. Compared with the PL spectra of b phase in the liter-
ature [27], the three PL peaks of lamellar crystals show great sim-
ilarity. Therefore, combining the analysis of absorption and PL
spectra, we assume that the melt-crystallized lamellar crystals
belong to a new phase familiar with the solution-crystallized b
phase. Additionally, the ﬁrst-annealed droplet-like sample displays
a typical nematic phase (N phase) characteristic (Fig. S2), which
exhibits a major absorption maximum at 382 nm without any
developed peaks shown in the UVevis absorption spectrum. The PL
spectrum shows three emissionmaxima near 435, 455 and 485 nm,
which is also corresponding to the N phase [13].
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3.3. Structure of the melt-crystallized crystals
In order to ﬁgure out the molecular arrangement and the lattice
parameters of the lamellar crystals, selected area electron
diffraction (SAED) of the small lamellar crystals was performed. In
addition, the big-domains crystals are too thick for electron beam to
penetrate, as the above analysis of morphology, the big-domain
crystals are also composed of lamellar structure as well as the
Fig. 1. (a) Polarized light microscopy (PLM) image showing the anisotropy of b0 phase crystals. SEM images of (b) ﬁrst-annealing domains (annealed at 160 C for 1 h and cooled to
room temperature), (c) second-annealing domain (annealed at 140 C for 4 h and cooled to room temperature), (d) the edge of second-annealing domain, (e) the inner of second-
annealing domain, (f) the second-annealing domain of a small size.
Fig. 2. (a) UVevis absorption and (b) PL spectra of the lamellar crystals.
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small crystals. It is well-known that the electron beam can easily
destroy the diffracting power of polymer crystals without trans-
forming their shapes, the diffraction pattern of the lamellar crystals
fades away in few seconds under the electron beam exposure.
Therefore, special care is exercised by prefocusing at a neighboring
area, followed by immediately taking of the SAED pattern. Given in
Fig. 3a and b are the SAED pattern and the corresponding TEM
images of a typical small-domain lamellar crystal, respectively. The
lamellar crystal shows a single-crystal-like rectangular diffraction
pattern, indicating orderly packing of molecules in the lamellar
structure. It is based on the well orientation of molecules in the
ﬁrst-annealed small domain (Fig. S3), which is suggested by the
diffraction arc in the SAED pattern implying the molecular align-
ment after the ﬁrst-annealing. Building on this foundation, the
molecules adjust themselves from orientation to orderly stacking at
the second-annealing. In the SAED pattern of the lamellar crystal,
the d-spacing of two principal reﬂections along the two perpen-
dicular directions are 1.11 and 0.84 nm, which have been indexed as
(020) and (004), respectively. Apparently, all the diffraction spots
correspond to (0 kl) diffraction and it is indexed as [100] zone. The
dimensions of the unit cell in the [100] zone are calculated to be
b ¼ 2.22 nm and c ¼ 3.36 nm. In the XRD curve of sample as shown
in Fig. 4, the d-spacing of most intense reﬂection around
2q¼ 6.77is 1.30 nm, which can be indexed as (100), resulting from
the alkyl side chains interdigitation, Apart from these, the thick-
nesses of lamellar crystals also conﬁrm the analysis (Fig. S4), sug-
gesting that the alkyl side chains are normal to the lamella plane.
Therefore, an orthogonal unit cell with a ¼ 1.30 nm, b ¼ 2.22 nm
and c ¼ 3.36 nm (space group Pmc21) was assumed, together with
the symmetry operations and the plausibility of the derived den-
sity, we can suggest the presence of 4 chains in the unit cell, thus
the crystals have a density value of 1.06 g/cm3. In addition, the XRD
curve of sample shows a series of diffraction peaks, and the
calculated data of XRD (Table 1) coincides with the observed data
very well using the above set of crystal unit parameters. Hence, the
crystal unit cell parameters are reasonable.
According to the above structural analysis of the lamellar
crystals, as shown in Fig. 3c, the molecular backbone chains are
packed parallel to the lamella with the alkyl side chains perpen-
dicular to the lamella, the length of the lamellar crystal is b axis
direction and the width of the crystal is parallel to the molecular
backbone chain (c axis). The packing behavior is similar with
solution-crystallized b phase single crystals [27] and melt-
Fig. 3. (a) The SAED pattern and (b) the corresponding TEM image of the lamellar crystal. (c) Schematic illustrations for lamellar crystals and the assembly of polymer chains in the
crystals.
Fig. 4. The XRD curve of the lamellar crystals.
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crystallized a phase of PFO [32]. As a common stacking motif, it can
also be observed in single crystals [33], nanoﬁber [34] and crys-
talline ﬁlms [35] of polythiophene and other conjugate polymers
[36]. Compared with the solution-crystallized b phase single
crystals [27] (its lattice parameters are a ¼ 1.32 nm, b ¼ 2.10 nm,
c ¼ 3.36 nm), the unit cell parameters of lamellar crystals has
difference in a and b axis, especially in b axis, the disparity ap-
proaches 0.12 nm. Combining with the analysis of UVevis ab-
sorption and PL spectra, we prefer to identify the lamellar crystals
as b0 phase. Moreover, according to our previous work [27], the
thermal annealing of b phase could increase the parameter of b
axis, which results from a certain degree of motion of the chains.
Now, we have known that there is a phase transition from b phase
to b0 phase and the b0 phase is a thermal stable phase. As the
literature reports [13], the melt crystallization of PFO produces a
phase or a0 phase. The main difference between a and b phase of
PFO comes from the intrachain torsion angle, the b phase has a
larger torsion angel than the a phase and shows a coplanar
conformation [37]. F16 is a kind of relative short-chain PFO, so we
thought that F16 is easier to realize coplanar conformation than
long-chain PFO during melt crystallization, which results in the
formation of b0 phase.
4. Conclusion
In summary, b0 phase crystals with lamellar structures were
prepared by a two-step melt-crystallization of monodisperse PFOs
consisting of 16 monomer units, which are investigated in details
by absorbance, PL spectra, SEM, TEM and XRD. On the basis of the
structural analysis, the lamellar crystals have orthorhombic unit
cell parameters of a ¼ 1.30 nm, b ¼ 2.22 nm and c ¼ 3.36 nm with
space group Pmc21, there are 4 chains in the unit cell and its
density is 1.06 g/cm3. In these crystals, the molecular backbone
chains are packed parallel to the lamellar plane with the alkyl side
chains vertical to lamella. The relative short-chain F16 is easier to
realize coplanar conformation than long-chain PFO during melt
crystallization, and this results in the formation of b0 phase.
Moreover, combining with our previous work, the b0 phase is more
thermal stable than b phase. This study is helpful to provide a
deeper understanding on the morphology of PFOs and the b0 phase
may hold great promise for application in organic optoelectronic
devices.
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Table 1
The XRD results of the lamellar crystals.
2q (deg) dobs (nm) Iobsa hkl dcal (nm)
6.77 1.304 100 100 1.300
8.00 1.104 16 020 1.110
8.78 1.005 21 013 1.000
12.14 0.728 8 031 0.723
13.04 0.678 11 032 0.677
15.50 0.571 38 025 0.575
16.04 0.552 9 040 0.555
17.70 0.500 214 0.501
17.70 0.500 19 026 0.500
19.43 0.456 14 215 0.457
20.28 0.437 49 300 0.433
20.69 0.429 4 052 0.429
23.11 0.384 7 304 0.385
24.08 0.369 5 060 0.370
26.30 0.338 4 064 0.339
a The relative intensity of the reﬂections.
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